Abstract In this paper the spectral enhancement of laser-induced breakdown spectroscopy (LIBS) for copper plasma in the presence of a magnetic field is investigated and the temporal-and spatial-resolved plasma emission spectra are analyzed. Experimental results show that the copper plasma atomic and ion spectra have been enhanced in the presence of the external magnetic field. In addition, the Cu I 521.82 nm spectral intensity evolution with delay time appears to have a double peak around the delay time of 2 µs, but that of Cu II 507.57 nm has a sharp decrease because of the electron-atom three body recombination process. The plasma temperature with magnetic confinement is lower than that of the case in the absence of magnetic fields. Finally, the spectral enhancement mechanisms of laser induced breakdown spectroscopy with magnetic confinement are analyzed.
Introduction
Laser-induced breakdown spectroscopy (LIBS) is an emerging technique which can be used in real-time and in-situ to detect the elemental composition of an interesting object. LIBS has been widely applied to many application fields such as art work diagnostics [1] , remote elemental analysis [2] , and industrial trace element analysis [3] . However, LIBS has one major drawback, it has low detection sensitivity for trace elements. In order to improve the sensitivity of LIBS, a number of investigations have been performed, for instance, controlling the atmosphere pressure, multiple pulse excitation [4] , applied polarization-resolved LIBS [5, 6] , introduction of inert gas [7−10] , and spectra normalized treating [11, 12] . However, there are two drawbacks in the employment of the above methods: firstly, the LIBS setup is complex; and secondly, more than one lasers are used, which causes the cost to increase in the case of multiple pulse excitation. In contrast to adding lasers or introducing gases, plasma confinement is a simple, portable, and economically efficient approach that can easily be used to improve the detection sensitivity of LIBS. In recent years, several investigations that have used external magnetic field to confine plasma expansion have been reported [13] . The plasma streams' interactions with external magnetic fields have been studied [14−16] . Still further work is required to clarify the mechanism of how the presence of a magnet field affects the LIBS intensity. In this work, we study the spectral enhancement of LIBS in the presence of an external non-uniform magnetic field and give the temporal-and spatial-resolved evolution of Cu plasma emission spectral intensity. An effect of magnetic confinement on plasma temperature is discussed.
Experimental setup
The schematic diagram of the experimental setup is shown in Fig. 1 . A Nd:YAG laser (Continuum, Power8000) operating at fundamental wavelength 1064 nm with a repetition rate of 10 Hz and pulse width of 8 ns is employed as a power source to produce Cu plasma. The laser beam is transmitted to the energy attenuation system, which is composed of the half-wave plate and Glan prism, and is then focused perpendicularly onto the Cu target surface using a lens with focal length of 150 mm, and the laser beam size on the target surface is about 300 µm.
The LIBS spectra are coupled to a spectrometer (Spectra Pro500i, 1200 groves/mm, Princeton Instruments, USA) by an optical fiber with 200 µm core diameter through a lens with a focal length of 75 mm.
A 1024×256 pixels intensified charge-coupled device (ICCD) is attached to the exit focal plane of the spectrograph and is used to acquire the LIBS signal. The gate delay time and width of the ICCD to obtain the LIBS signal are controlled by a pulse trigger of DG645. During the experiment the spectral and the spatial resolutions are 0.05 nm and 10 µm, respectively. The magnetic trap, as shown in Fig. 1 , is fabricated from two permanent magnets (NdFeB) in a steel frame with magnetic sizes of 63 mm (X)×36 mm (Y )×37 mm (Z), which is used to confine the plasma expansion inside a non-uniform magnetic field. Magnetic intensity is measured by a Gauss/Tesla meter. The target is placed in the middle of the magnetic field and is mounted on a three-dimensional translational stage, which provides a new surface for the next laser pulse. From Fig. 3 it is clearly observed that the atomic and ionic spectral lines are significantly enhanced and the spectral enhancement is different with the magnetic confinement. For the atomic spectra lines of Cu I 510.59 nm, Cu I 515.32 nm, and Cu I 521.82 nm, the intensity is enhanced from three to four times. However, the spectral lines of Cu II 507.23 nm and Cu III 437.71 nm are enhanced from 6 to 8 times in the presence of external magnet field. The two Cu 2+ spectral lines, such as Cu III 437.71 nm and Cu III 438.29 nm, are observed because of the formation possibility of these highly charged species through electron-impact excitation in the plume or a rise in the mean electron energy in the plasma with the magnetic field confinement, which has compressed Cu plasma into a small volume [15] . It is noted that the spectral intensities of the Cu atomic lines are much stronger than that of Cu ionic lines, which can be attributed to the higher ionization potential energy for Cu + (1957.9 kJ/mol) than for Cu (745.5 kJ/mol), so a higher ionization potential energy induces less generation of the highly excited ions. The plume spatial size is about 4 mm in the magnetic field, which is less than the magnetic field space (20 mm); therefore, the magnetic poles can act as a plasma wall and have induced a spatial compress on the plasma plume, which forces it into a small volume, and has increased the ionization rate and ion density [17] .
LI
So, the ion spectrum has a larger enhancement than the atom spectrum. The temporal evolutions of the spectral intensity are useful for a better understanding of the plasma expansion. Fig. 4 shows the emission intensity of Cu atomic (521.82 nm) and ionic (507.23 nm) lines, respectively, as a function of delay time, both with (red circle curve) and without (black square curve) magnetic field (0.67 T). A laser pulse energy of 30 mJ is used, plasma spectroscopy detection is done at a position of 1 mm from the target surface, and the ICCD gate width is 500 ns.
(a) Cu I 521.82 nm, (b) Cu II 507.23 nm Fig.4 Temporal evolution of spectral intensity As can be seen from Fig. 4 , the temporal resolved emission spectroscopy of Cu plasma in the presence of magnetic field is significantly enhanced due to magnetic confinement at the initial stage, of about 5 µs after laser radiation. It is known that the spectral intensity is proportional to the density of the corresponding excited particles and the transition probability. In the presence of a magnetic field the atom-electron collision rate increases and this excites more ions. In the meantime, the electron-atom three body recombination rates is also increased, which leads to the generation of more atoms. Therefore, the emission spectrum of Cu plasma shows an enhancement due to the presence of magnetic confinement. Fig. 4 shows that, in the absence of magnetic field confinement, plasma emission intensities decrease monotonously with the delay time because of the decrease of the excited particles caused by the reduction of the plasma temperature and electron density for the plume expansion, and also by the cooling of the surrounding ambient air. It is noted that in the presence of a magnetic field the spectral intensity of Cu I 521.82 nm (as shown in Fig. 4(a) ) shows a double peak structure in a delay time range of 1.19-
µs, this experimental result is in agreement with
Harilal's work [15] . In addition, the spectral intensity of Cu II 507.23 nm (as shown in Fig. 4(b) ) has a sharp decrease with time delay. This short period of increase in the spectral intensity might be due to the magnetic confinement, a large number of ions and electrons three body recombining with each other, which causes the reduction of the number of ions and which increases the number of atoms. Fig. 5 shows the spectral intensity of Cu I 521.82 nm as a function of distance, both with (red curve) and without (black curve) magnetic confinement, the pulse energy was 30 mJ, and the gate width and delay time were both 1 µs. The spectral intensities of Cu I 521.82 nm show an increase with distance to the target surface up to 1.5 mm, and they then decrease with distance during the experimental condition. A significant spectral enhancement for Cu I 521.82 nm at a distance ranging from 0 mm to 1.4 mm is observed in the presence of a magnetic field. When Cu plasma expands along the axial (X) direction across the magnetic field, the ions and electrons inside the plasma would be separated from each other and are induced by the Lorentz force, so the collision probability among the plasma will be increased; hence, the spectral intensity has been enhanced due to magnetic confinement. The electron temperatures of copper plasmas can be deduced from the OES spectroscopy. The local thermodynamic equilibrium (LTE) hypothesizes that the plasma temperature can be deduced by using the SahaBoltzmann equation [18] . The Cu I 510.59 nm, Cu I 515.32 nm, and Cu I 521.82 nm spectra lines are selected to calculate the plasma temperatures. The electron temperature as a function of delay time is shown as Fig. 6 , which tends to decay exponentially in agreement with the adiabatic expansion model [19] . The plasma expands isothermally during the laser pulse radiation, after the termination of the laser pulse, no more energy is deposited into the plasma, and so the plasma experiences adiabatic expansion. Since the domination of electron neutral collision meant that more energy was dissipated, the electron temperature in the presence of external magnetic filed was lower than that in the absence of the magnetic field, which is in agreement with the results reported by Li Yu [20] . The velocity of the greater part of the plasma was decreased in the presence of a steady magnetic field. In this condition, the dominating electron neutral collision dissipated more energy [21] . Therefore, external magnetic confinement reduces the plasma electron temperature. Fig.6 The temporal evolution of electron temperature
The ions and electrons in a magnetic field are affected by the Lorentz force, which causes the plasma expansion to slow down. The plasma expands and diffuses across through magnetic field, followed by Ohm's law [22] 
where E and B represent the electric and magnetic fields, respectively, J represent the current density, σ 0 represents conductivity, n e represents electron density, and V represents the mass flow velocity and J × B, which is known as the Hall current term. This J × B force pushes the plasma expansion in an outward direction until the magnetic pressure equilibrates the plasma pressure. During the plasma expansion across the external magnetic field, the kinetic energy of ions and electrons increase because of the Joule heating; therefore, the impact ionization probability is increased due to magnetic confinement and the new copper atoms are generated by the electron-atom three body recombination, which induces the plasma emission spectroscopy enhancement [22] .
The copper atoms are generated through the electron-atom three body recombination process and more photons are released as excess energy. In addition, a continuous spectrum enhancement can be observed, as shown in Fig. 3. 
Conclusions
In summary, the spectral enhancements of laserinduced breakdown spectroscopy in the presence of a magnetic field are investigated. The copper atomic and ionic spectroscopy has been enhanced due to magnetic confinement in the presence of an external magnetic field. During the plasma expansion process across the external magnetic field, plasma ion and electron energy are increased through Joule heating. Therefore, the electron-ion recombination rate and electron impact ionization probability increase due to the presentation of the magnetic confinement. Thus, the number of ions increases, which causes the enhancement of the plasma emission. It is found that the plasma temperature with magnetic confinement is lower than that in the absence of a magnetic field. Our finding that spectral enhancement can be realized in the presence of an external magnet field may be applied in the improvement of the detection sensitivity of LIBS.
